Bacteriophage PM2 presently is the only member of the Corticoviridae family. The virion consists of a protein-rich lipid vesicle, which is surrounded by an icosahedral protein capsid. The lipid vesicle encloses a supercoiled circular double-stranded DNA genome of 10,079 bp. PM2 belongs to the marine phage community and is known to infect two gram-negative Pseudoalteromonas species. In this study, we present a characterization of the PM2 genome made using the in vitro transposon insertion mutagenesis approach. Analysis of 101 insertion mutants yielded information on the essential and dispensable regions of the PM2 genome and led to the identification of several new genes. A number of lysis-deficient mutants as well as mutants displaying delayed-and/or incomplete-lysis phenotypes were identified. This enabled us to identify novel lysis-associated genes with no resemblance to those previously described from other bacteriophage systems. Nonessential genome regions are discussed in the context of PM2 genome evolution.
Studies of lipid-containing bacterial viruses have yielded considerable information on the structure and assembly of viral membranes (1, 7, 12, 35, 36, 42, 49) . Crucial for this progress has been the availability of defined genetic systems (39, 47) . Recently, we have initiated a structural characterization of phage PM2 as a model phage system (2, 26) . Since no genetic tools are available in this system, we set out to probe the PM2 genome using the phage Mu-derived in vitro transposition mutagenesis technology, which represents an efficient alternative strategy for functional genome characterization (50) .
PM2 is the first bacterial virus for which the presence of lipids as a structural component of the virion has been confirmed (9) . PM2 was isolated along with its host bacterium Pseudoalteromonas espejiana BAL-31 from the coastal seawater of Chile (14, 15) . The phage represented a new virus type, classified as Corticoviridae, and it is still the only known representative of this virus family. An alternative host for PM2, Pseudoalteromonas sp. strain ER72M2, was isolated from the East River in New York, N.Y. (33) .
The PM2 virion consists of an icosahedrally organized proteinaceous capsid that surrounds a protein-rich lipid membrane, enclosing the highly supercoiled circular double-stranded DNA (dsDNA) genome (18, 26, 32, 38) . The complete genome sequence revealed a 10,079-bp-long molecule with a GC content of 42.2% (16, 38) . Replication of the PM2 genome takes place in the proximity of the cytoplasmic membrane (6) via a rollingcircle mechanism initiated by the phage-encoded replication initiation protein P12 (17, 38) . The PM2 genome is organized into three operons: two early and one late. OEL is a leftwardtranscribing early operon under the control of promoter P 1207 . This operon codes for two transcriptional repressors (proteins P15 and P16). P16 regulates the early rightward-transcribing operon (OER, under the control of promoter P 1193 ), and protein P15 represses its own expression from promoter P 1207 in addition to P 1193 . The late operon (OL, under the control of promoter P 5321 ), which codes for almost all of the structural proteins, is positively regulated by the viral transcription factors P13 and P14 (37) . The PM2 virion contains 10 virally encoded proteins. The protein coat is composed of P1 (a pentameric receptor binding protein) and P2 (a major capsid protein). All other proteins (P3 to P10) are associated with the lipid membrane (26, 32, 33, 38) . Of the 21 open reading frames (ORFs) detected within the PM2 genome, 6 have not yet been confirmed to code for a protein (26) .
Transposon mutagenesis can be used to map essential versus nonessential regions in viral genomes (8, 48, 50, 54) . One of the most versatile methods is based on the bacteriophage Mu in vitro DNA transposition reaction, which can be used to disseminate custom-designed mini-Mu transposons into any DNA, including viral genomes. This strategy has been used successfully for the functional characterization of linear dsDNA genomes of bacteriophages PRD1 (50) and YeO3-12 (31) . A related strategy employing transposon ends has been applied to human immunodeficiency virus (34) and potato virus A (30) RNA genome characterization.
The in vitro transposition reaction catalyzed by the MuA transposase results in an essentially random distribution of transposons into the target DNA (19) (20) (21) . A given transposon integrated into an essential gene or important noncoding region in the genome is expected to yield nonviable viruses. Alternatively, if the insertion occurs in a dispensable genomic region, the delivery of the viral genome into the host cell interior is expected to lead to successful virus propagation and progeny release. Theoretically, it also is possible to obtain transposon-containing virus clones with reduced viability.
To shed light on the functional organization of the phage PM2 genome, we used an in vitro DNA transposition-based insertion mutagenesis strategy. Our analysis revealed fully viable insertion mutants as well as mutants with an altered phenotype. The lack of insertions in many genomic regions revealed genes essential for phage viability. Analysis of mutant phenotypes identified two genes involved in host cell lysis.
MATERIALS AND METHODS
Virus and bacterial strains. Phage PM2, Pseudoalteromonas espejiana BAL-31 (14, 15) , and Pseudoalteromonas sp. strain ER72M2 cells were cultured in SB broth or on SB agar plates (33) at 28°C. Escherichia coli K-12 DH5␣ (Life Technologies) was used for transposon preparation as described previously (20, 50) .
Production of PM2 DNA. The virus was propagated, concentrated, and purified using rate zonal centrifugation as previously described (33) . The virus zone was collected, and viruses were recovered by differential centrifugation (Beckman 50 Ti rotor, 18,000 rpm, 15 h, 5°C). The pellet was resuspended in MOPS buffer (20 mM morpholinepropanesulfonic acid [pH 7.4], 150 mM NaCl, 5 mM CaCl 2 ), and DNA was released by the addition of sodium dodecyl sulfate (SDS) (2% final concentration, 50 min, 37°C). The mixture was phenol extracted (five times), followed by ether extraction (eight times). CsCl, water, and ethidium bromide were added to the resulting DNA fraction (to a 5-ml total volume; 4.5 g CsCl, 0.5 mg/ml ethidium bromide per tube). DNA was equilibrated by centrifugation (Sorvall TV865 rotor, 47,000 rpm, 17 h, 20°C). The DNA zone, corresponding to supercoiled molecules, was collected, and ethidium bromide was removed by isopropanol extraction (11 times). CsCl was removed by dialysis overnight at 4°C against TE (8.0) buffer (6 mM Tris-HCl [pH 8.0], 0.17 mM EDTA). Following dialysis, DNA was precipitated with ethanol, dried, and resuspended in water.
Mutagenesis of the PM2 genome using an in vitro-transposition-based approach. The standard in vitro-transposition reaction mixture (50 l) contained 2.0 pmol (0.6 g) LacZЈ-Mu(NotI) transposon DNA (50), 0.3 pmol (2 g) PM2 target DNA, 10.8 pmol (0.88 g) MuA transposase (Finnzymes), 25 mM TrisHCl [pH 8.0], 100 g/ml bovine serum albumin (Sigma), 15% (wt/vol) glycerol, 0.05% (wt/vol) Triton X-100 (Boehringer Mannheim), 126 mM NaCl, and 10 mM MgCl 2 . The reaction was carried out for 30 min at 30°C. Reaction products were extracted once with phenol and twice with chloroform, precipitated with ethanol, and resuspended in TE (7.5) buffer (10 mM Tris [pH 7.5], 0.5 mM EDTA). To isolate transposon-containing genomes, the reaction products were separated initially on a preparative 0.8% agarose gel (SeaPlaque; Cambrex) at 4 V/cm (90 min). A zone corresponding to the open circular forms of PM2 DNA was then excised from the gel, and the gel slice was melted at 65°C (10 min). The DNA within the mixture was digested with KpnI (New England Biolabs) at 37°C overnight, and the resulting fragments were separated on a preparative 1.3% agarose gel (SeaPlaque) at 3 V/cm (180 min). A fragment corresponding to transposon-containing genomes linearized within the transposon sequence was excised, and DNA was isolated by electroelution (44) , extracted three times with 1-butanol and twice with chloroform, precipitated with ethanol, and resuspended in 15 l of TE (7.5) buffer. Insertion-mutated phage genomes were regenerated by recircularization with T4 DNA ligase (Promega) at a low DNA concentration (2 ng/l). Ligation products were purified by extraction once with phenol and twice with chloroform, precipitated with ethanol, and resuspended in 9 l of TE (7.5) buffer.
DNA transfer to Pseudoalteromonas strains. Electroporation into P. espejiana BAL-31 cells was developed using information available for related bacteria (29) . Overnight cultures of the bacteria were diluted 1/50 into 50 ml of fresh SB medium and grown at 28°C to an optical density at 600 nm of 0.8 to 0.9, corresponding to mid-logarithmic growth phase. The cells were collected by centrifugation (Sorvall SLA1500 rotor, 6,000 rpm, 4°C, 20 min), washed three times with ice-cold HSG buffer (7 mM HEPES [pH 7.0], 252 mM sucrose, 20% glycerol) (29) , resuspended in 500 l of the buffer (about 10 11 CFU/ml), and stored at Ϫ80°C. Electroporation was carried out using the Bio-Rad Gene Pulser. Briefly, 40 l of P. espejiana BAL-31 cells was mixed with 200 ng of mutagenized PM2 DNA; the mixture was kept on ice for 5 min and transferred into a chilled cuvette (0.2-cm electrode spacing). A single pulse of 12.5 kV/cm (1.9 kV, 200 ⍀, 25 F) was applied, and 950 l of SBE medium (0.8% Difco nutrient broth, 200 mM NaCl, 100 mM MgSO 4 , 10 mM CaCl 2 , 10 mM KCl, 100 mM sucrose) was added. The sample was incubated for 50 min at 28°C, plated with SB soft agar and the host cells onto solid SB medium, and incubated overnight at 28°C.
Lysis assay. P. espejiana BAL-31 cells were grown with aeration at 28°C to a cell density of ϳ6 ϫ 10 8 CFU/ml and infected with wild-type (wt) or mutant PM2 using a multiplicity of infection of ϳ10. Absorbance ( ϭ 550 nm) was measured at different time points using a Selecta Clormic digital colorimeter (J. P. Selecta). The experiments were done in triplicate with the wt-PM2 infection as a control. The presence of the transposon in each mutant was confirmed by PCR from a single plaque as described previously (27) . Briefly, plaques were resuspended in 0.5 ml of SB broth and left overnight at 4°C, after which the material was divided into two aliquots. One aliquot was saved for phage recovery, and the other was boiled for 5 min in the presence of 1% SDS to disrupt phage particles. A 1/10 dilution of this solution was used as a template in a PCR. The presence of the transposon was visualized by the mobility shift of a particular PCR fragment in a 1.1% agarose gel.
DNA isolation from mutant phages. The clonality of each mutant phage was ensured by two successive single-plaque isolations. Mutant virus stocks were prepared by collecting the soft agar layer from confluent SB plates with the addition of SB broth (3 ml/plate), followed by incubation with aeration for 1 h at 28°C. The debris was removed by centrifugation (Sorvall SA-600 rotor, 14,000 rpm, 5°C, 30 min). The resultant virus stock was mixed with an equal volume of polyethylene glycol (PEG) solution (20% PEG 6000, 0.5 M NaCl) and incubated for 30 min on ice. The virus was collected by centrifugation (Sorvall SA-600 rotor, 14,000 rpm, 5°C, 30 min) and washed twice with cold PM2 buffer (20 mM Tris-HCl [pH 7.2], 100 mM NaCl, 5 mM CaCl 2 ). The PEG pellet was resuspended in cell resuspension solution (Promega), and the phage DNA was isolated using the Wizard plus SV miniprep system (Promega).
Determination of transposon insertion sites. The presence of the transposon DNA was confirmed initially by digestion of the viral genome with HpaI (New England Biolabs). The precise site of the transposon integration was determined by sequencing (Sequencing Laboratory, Institute of Biotechnology, University of Helsinki, Finland) with transposon-specific primers. Since the circular supercoiled PM2 genome was an inefficient template for sequencing, the genome was linearized with the restriction endonuclease PvuII (MBI Fermentas), which recognizes a unique site within the transposon.
RESULTS
Transposon mutagenesis of the PM2 genome. Circular covalently closed genomic PM2 DNA was subjected to in vitro transposon insertion mutagenesis using the artificial mini-Mu LacZЈ-Mu(NotI) transposon as a DNA donor (50) . The transposon-containing PM2 genomes were separated from the wt-PM2 genomes by a strategy employing two successive rounds of preparative agarose gel electrophoresis (see Materials and Methods), which produced mutant clones with close to 100% efficiency. In addition, a method for DNA transfer into P. espejiana BAL-31 cells by electroporation was developed (see Materials and Methods), which yielded 5 ϫ 10 4 to 1 ϫ 10 5 PFU/g PM2 DNA. We initially obtained 162 plaques (phage clones), and their clonality was verified by at least two successive single-plaque purifications. PM2 genomic DNA from 101 such clones was isolated, and the approximate location of the transposon was determined by restriction analysis with HpaI. Digestion of the wt-PM2 genome with HpaI yielded five fragments. LacZЈ-Mu(NotI) transposon insertion into the genome increases the genome size by ϳ460 bp. HpaI digestion of mutagenized PM2 genome clones showed that transposon insertions were tolerated at different genomic loci (Fig. 1) . The exact location of each transposon insertion was determined by sequencing using a pair of transposon-specific primers to yield the sequence from each transposon end. In the 101 clones analyzed, 82 insertion sites appeared only once in our mutant collection, while the 2 ). This indicates with a high probability that we had saturated all the nonessential PM2 genomic regions that could include transposon insertions.
Transposon integration and repair of the transposition DNA intermediate. A closer inspection of the actual target site sequences revealed that out of the 101 mutants for which the integration site was defined, 62 had intact transposon ends flanked by a 5-bp target site duplication that is considered a hallmark of Mu transposition (3, 28) . Thirty-seven mutants had a normal transposon end at one end but retained the 4-bp transposon flank sequence at the other (discussed later). Of these mutants, 7 had a 1-bp target site duplication, 29 had no PM2 target sequence duplications/deletions, and 1 had a 1-bp target site deletion. Mutants M55 and M69 included larger deletions (456 bp and 148 bp, respectively), probably arising from the initial integration of two separate transposons into two different genomic locations and subsequent homologous recombination between these elements.
Identification of essential and nonessential regions of the PM2 genome. A spectrum of transposon insertion sites mapped in a viral genome portrays a picture of the distribution of nonessential versus essential genomic loci. Transposon integration sites of 101 clones were determined in the PM2 genome, and a functional map was generated (Fig. 2) .
More than half (64) of the insertions were located in the coding or putative coding regions of the PM2 genome. Only one insertion was detected in a gene encoding a structural protein. There was a transposon inserted at the far 3Ј end of gene IX, encoding protein P9 (32) , which contains putative ATP/GTP binding site motifs and is implicated in genome packaging (38, 49) . Only the last C-terminal amino acid of the resulting mutant protein was predicted to have been replaced with a transposon-encoded fragment of 12 amino acids.
The remaining gene-associated transposon insertions were mapped to genes encoding nonstructural proteins, the majority of which reside within the two early operons OEL and OER.
Transposons were tolerated within genes XV and XII as well as in ORFs b, d, e, k, and l (Fig. 2) . Gene XV, which resides in the distal end of the early leftwards-transcribed operon OEL, has been shown to code for a repressor for the two early PM2 promoters (37) . The entire OEL operon has been shown to be highly similar to the maintenance region of a Pseudoalteromonas plasmid, pAS28 (29, 38) . Surprisingly, 39 integrations were distributed throughout the entire length of gene XV, indicating the nonessential nature of this gene. This result was supported by the observation that insertion mutants M55 and M69, with large deletions in the transposon target site (Table 1) , also were located at the end of gene XV.
Gene XII, the largest in the PM2 genome, codes for the 634-amino-acid replication initiation protein P12 (38) and is supposed to be essential for successful phage propagation. Consequently, ϳ91% of the gene did not tolerate insertions. Twelve transposon insertions were found at the 3Ј end of the gene (Fig. 2) . Accordingly, 58 C-terminal amino acids in P12 could be replaced by a transposon-derived peptide fragment (M47) without observable effects on phage propagation (phenotypic changes caused by transposon insertions are discussed below).
The two short ORFs b and d each contained one transposon insertion. ORF e included five transposon insertions, of which two were detected in the central region and three in the 3Ј distal region of the ORF. ORF h, the fourth putative coding region in the early operons for which a protein product has not yet been confirmed, did not tolerate any transposon insertions (Fig. 2) . The end of the late PM2 operon OL contains two short, overlapping ORFs, k and l. We isolated four and two clones, respectively, with insertions in those ORFs (see the inset in Fig. 2) .
The remaining 37 clones had transposons inserted into the intergenic regions of the PM2 genome (Fig. 2) . Twenty-two integrations were in the noncoding regions flanking gene XV. Fifteen insertions were between gene XV and ORF l, and seven insertion mutations were detected between gene XV and ORF b. Interestingly, seven insertions were located in the downstream region of the P 1193 promoter, which controls the expression of the OER operon and is located between gene XVI and ORF d. One mutant (M109) showed a clearly altered phenotype (discussed below) and had the transposon inserted near the ϩ1 position of promoter P 1193 (Fig. 3A) . In addition, there were seven insertions in the intergenic region between genes IX and VII, where the late PM2 promoter P 5321 is located. All these insertions occurred in the upstream region of the promoter. Nevertheless, in the cases of mutants M98 and M129, insertions had an effect on the phage phenotype (Fig.  3B) . Transposon insertions in the downstream regions of the P 1207 and P 5321 promoters were not detected. Only one clone (M13) had the transposon inserted in the noncoding region inside the late operon OL, between genes VIII and X.
Phenotypic changes in PM2 transposon insertion mutants and identification of lysis functions. We analyzed insertionmutagenized PM2 clones using a plaque assay. Thirty-nine out of 101 clones displayed plaque morphologies deviating from that of wt PM2 (Table 1) . Among these, 29 clones formed plaques that were heterogeneous in size: normal and small (20 clones), normal and minute (1 clone), normal and large (7 clones), and large and minute (1 clone). Clones retained the plaque size heterogeneity even if one type was used in sin- gle-plaque isolation. The remaining 10 clones produced plaques that were homogenous in size but morphologically different from those formed by the wt phage: small and turbid plaques (four clones), large plaques (one clone), turbid plaques of normal size (one clone), and minute plaques (four clones).
These thirty-nine mutant viruses were analyzed further in a lysis assay. It was possible to prepare virus stocks and analyze 30 such clones. The remaining mutants (nine) either had lost the transposon (M4, M14, M71, and M112) or were inactivated during storage and failed to form a plaque (M2, M3, M8, M35, and M43A). The mutants analyzed were divided into seven types according to the profiles of their lysis curves ( Fig. 2 and  4 ). Nearly half (15 clones) of the mutants analyzed displayed the wt lysis curve (Fig. 4, type 1) , even though the plaque morphologies differed from the wt. Two mutants in this phenotypic class had the transposon inserted at the 3Ј end of gene XII. In the remaining 13 PM2 clones, insertions occurred either in gene XV or in the noncoding regions flanking this gene. In addition, two clones that had an ϳ5-min-shorter infectious cycle than the wt (type 2) had the transposon inserted in gene XV (Fig. 2) .
Cells infected with transposon mutant types 3 and 4 lysed, respectively, 5 and 10 min later than the cells infected with wt Table 1 . Color-coded mutants represent the phenotypical classes described in the legend to Fig. 4 .
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on November 11, 2017 by guest http://jvi.asm.org/ PM2 (Fig. 4) . The type 3 mutants had the insertions inside gene XII or ORF e, while transposon insertions in the type 4 members were mapped either to gene XII or to the noncoding region between genes IX and VII. The remaining mutants had defects in cell lysis. Insertion mutations in the noncoding region between gene XVI and ORF d resulted in a delayed and incomplete lysis phenotype (type 5). Interestingly, transposon insertions in ORF k abolished the lysis of the infected cells (type 6) or lysis was delayed and only partial (type 5). Furthermore, ORF l, which is adjacent to ORF k (Fig. 2) , also seems to participate in cell lysis events, as the ORF l insertion mutant displayed an abnormal lysis phenotype (type 7). 
a Duplicated sequences are in bold, and a 1-bp target site deletion is marked by a dash. b Transposon insertion sites are counted from the first change in the PM2 genome sequence (GenBank accession no. AF155037). c L, large; M, minute; N, normal; S, small; T, turbid; ND, not determined. d A, normal 5-bp target site duplication; B, GATC in one end and a 1-bp target site duplication; C, GATC in one end and no duplication; D, GATC in one end and a 1-bp target site deletion; E, large deletion in target.
e The ϩ denotes the orientation of the LacZЈ gene (5Ј to 3Ј), and Ϫ denotes the other orientation.
DISCUSSION
In this study, we analyzed the dsDNA genome of phage PM2 using in vitro transposon insertion mutagenesis. In addition to functionally characterizing the viral genome, we obtained data pointing to an alternative and, to our knowledge, previously unreported pathway to repair the transposition reaction intermediate. The 5-base-pair target site duplication that normally ensues from Mu transposon integration (3, 28) is a result of the target site being cut in a staggered manner by a transposase and the subsequent replication/repair of the transposition DNA intermediate by the host machinery (46) . In E. coli, this type of end repair appears to be uniform (19, 20, 40, 51) . However, other host replication machineries might, at least occasionally, repair the transposon ends differently, producing alternative transposon-target site junctions. Figure 5 outlines a feasible model for this alternative transposon DNA intermediate processing observed in P. espejiana BAL-31. Interestingly, even though this alternative processing was relatively common (37/101 mutants [ϳ37%]), no mutants with two alternatively processed transposon ends were detected, suggesting that simultaneous alternative processing of the two ends may not be possible.
The saturation mutagenesis of the circular highly supercoiled PM2 genome indicated that at least 460 bp (length of the transposon used in this study) can be additionally packaged into the PM2 virion without detectable adverse effects. Al- (26) . A total of 101 insertion mutations were mapped in the PM2 genome, which allowed us to identify essential and dispensable regions of the viral genome. In addition, it was possible to reveal the functions of several PM2 genes. All but one of the genes encoding structural proteins are organized into the late operon OL (37) and are tightly packed (Fig. 2) . None of these genes tolerated transposon insertions, indicating stringent constraints for the virion assembly process, as has been observed in other viral systems (4, 5) . The genes encoding the regulatory proteins P13, P14, and P16, as well as ORF h, also were sensitive to change. The lack of mutations in ORF h indicates that, with a high probability, it is an authentic protein-coding gene.
Gene XII, coding for the replication initiation protein P12, tolerated insertions only in the 3Ј distal region of the gene, resulting in a 5-to 10-min delay in lysis. Either the resultant truncated protein initiates DNA replication less efficiently, leading to a delay in the virus life cycle, or transposon insertions upstream of the genes encoding transcription activators P13 and P14 (37) could result in delayed expression of these transcriptional factors, possibly due to premature termination of transcription, consequently postponing the activation of the late operon. The latter interpretation is supported by the observation that the strongest phenotype (longest delay in lysis) is caused by the insertions (M6, M137) that are closest to the start of gene XIII.
Similarly, infection with mutant M109 resulted in delayed and incomplete lysis. The clone had an insertion in the noncoding region between gene XVI and ORF d, near the ϩ1 position of the P 1193 promoter (Fig. 3A) . Such an insertion probably has a negative effect on the RNAP-promoter interaction and, consequently, on the expression of the early rightwards-transcribing operon, which contains genes needed for viral DNA replication and further activation of the late viral functions. In addition, a 10-min delay in lysis was observed with clones M98 and M129, which had the transposon inserted upstream of the late promoter P 5321 (Fig. 3B) . However, the lysis kinetics were comparable to those of the wt and not incomplete as in the case of M109. It is possible that the delay in lysis might be the result of the retarded expression of the lysis genes that reside in the late operon OL (see below).
Mutations in ORFs k and l resulted in almost complete lysis deficiency and/or in turbid plaques, respectively (Fig. 4) , suggesting that these two ORFs are involved in the release of PM2 from the infected cell. ORFs k and l reside next to each other. All dsDNA bacteriophages characterized so far use a holinendolysin system to lyse the cell at the end of the infectious cycle (52) . Therefore, ORF k, which has been predicted to have a membrane-spanning domain (38) , would represent a holin gene and the soluble product of ORF l might be, consequently, involved in disruption of the peptidoglycan layer. It is notable that the gene coding for the holin protein P35 of the lipid-containing phage PRD1 also tolerated transposon insertions (43, 50) . It is evident from the sequence data that the protein products of the genes involved in PM2 cell lysis greatly deviate from the corresponding proteins described for other phages (53) . The roles of ORFs k and l in the process of PM2 release currently are being investigated.
Another striking observation about the PM2 genome is its mosaic organization. There are only a few genes in the PM2 genome that have significant similarities to those in the sequence databases. Those few share similarity with sequences from very different origins. Transcription activator P14 has a zinc finger motif similar to the transcription factors of eukaryal and archaeal origins (37) . P12 was shown to have similarity to the replication initiation proteins of bacterial plasmids as well as bacteriophages of the Myoviridae (P2, HP1, 186) and Microviridae (X174, G4) families (38) . We observed here that the structural virion protein P5 shares significant sequence similarity with a number of proteins from different phyla of bacteria, Methylococcus capsulatus prophage MuMc02, and bacteriophages of the Siphoviridae (D3112) and Podoviridae (Epsilon15, K1F) families (Fig. 6) . Moreover, the entire OEL operon is homologous to the Pseudoalteromonas plasmid maintenance region (29, 37, 38) . Consequently, it has been proposed (37) that this entire operon is a moron (24) , an autonomous transcriptional unit captured by the phage via horizontal gene transfer that provides selective benefits to the phage.
Interestingly, gene XV, which resides in the OEL operon and was shown convincingly to code for a repressor of the early viral promoters (37) , tolerated transposon insertions throughout its entire length. Moreover, noncoding regions flanking this gene also were densely packed with transposon insertions (Fig.  2) . There are two possible explanations-the gene may be either a new addition to the genome or not required under the conditions used or both. The second possibility is supported by the fact that some insertions (M1, M2, M7, M15, M40, M43A, M43B, M56, M118, M119, M120, and M136) resulted in altered plaque morphology, indicating that gene XV has a measurable effect on virus production. It also has been shown that dispensable genes 1.3 and 3.5 of phage YeO3-12 are involved in extending the host range to Yersinia enterocolitica serotype O:3 (31) . Likewise, nonessential genes of T4-type phages were suggested to be important for adaptation to a particular lifestyle (13) .
The current understanding of bacteriophage genome evolution has emerged mostly from the comparative analyses of tailed dsDNA phage (Caudovirales) genomic sequences (10, 22, 23, 41) , while the relatedness of tailless icosahedral dsDNA phages is less well understood (45) . Recent genome sequencing of six PRD1-like phages intriguingly revealed a high degree of conservation and a lack of any detectable morons in the Tectiviridae family, presenting a marked contrast to the mosaic genomes of the tailed dsDNA bacteriophages (45) .
It has been suggested that horizontal gene transfer at high frequencies occurs presumably only between phages occupying the same ecological niche. However, a low-frequency horizontal exchange across a wide phylogenetic range of hosts was assumed to take place in the course of the so-called "random walk through phylogenetic space" (22, 25) . The mosaicism of the PM2 genome supports this idea, further pointing to the presence of a common genetic pool accessible not only for the tailed bacteriophages but also for those of more remote types and those infecting hosts occupying diverse ecological niches.
